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Abstract
Classically, the 5 and 3 long terminal repeats (LTRs) are considered necessary but not sufficient for retroviral integration. Recently,
we reported that inclusion of these and additional elements from Moloney murine leukemia virus (MoMLV) facilitated transgene
integration, without retroviral integrase, when placed in an adenoviral context (AdLTR-luc vector) (Nat. Biotech. 18 (2000), 176; Biochem.
Biophys. Res. Commun. 300 (2003), 115). To help understand this nonhomologous DNA recombination event, we constructed another
vector, AdELP-luc, with 2.7 kb of MoMLV elements identically placed into an E1-deleted adenovirus type 5 backbone upstream of a
luciferase cDNA reporter gene. Unlike AdLTR-luc, no MoMLV elements were placed downstream of the expression cassette. AdELP-luc
readily infected epithelial cells in vitro. Southern hybridizations with DNA from cloned cells showed that disruption of the MoMLV
sequences occurred. One cell clone, grown in vitro without any special selection medium for 9 months, exhibited stable vector integration
and luciferase activity. Importantly, both Southern hybridization and FISH analyses showed that in addition to the MoMLV elements and
expression cassette, substantial adenoviral sequence downstream of the luciferase cDNA was genomically integrated. These results suggest
that the 2.7 kb of MoMLV sequence included in AdELP-luc have cis-acting functions and mediates an unusual integration event.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Moloney murine leukemia virus (MoMLV) can integrate
into the genome in dividing cells and has proven to be
valuable for ex vivo gene transfer applications (Harel et al.,
1981; Miller et al., 1990; Springett et al., 1989). The effi-
cient integration of MoMLV requires two viral elements
(Asante-Appiah and Skalka, 1997; Brown, 1997; Done-
hower and Varmus, 1984; Panganiban and Temin, 1983,
1984; Roth et al., 1989; Schwartzberg et al., 1984): the viral
integrase and CATT sites located at the termini of the viral
long terminal repeats (LTRs). Both the 5 and the 3 LTRs
are considered necessary for the integration event.
Conversely, type 5 adenoviruses infect both dividing and
nondividing cells and exist primarily in an extrachromosomal
location in the nucleus. After adenoviral infection gene expres-
sion comes almost entirely from extrachromosomal, noninte-
grated virus. While conventional adenoviral vectors appear to
have several gene transfer applications, the viral DNA is even-
tually lost even in slowly dividing cells because type 5 adeno-
viruses lack the machinery necessary for frequent integration
into host chromosomes (Harui et al., 1999).
Recently, we constructed a hybrid vector (Zheng et al.,
2000, 2003), which contains MoMLV elements in the de-
leted E1 region upstream and downstream of a reporter
transgene. The upstream fragment contains part of the en-
velope gene (1.5 kb), the entire 5 LTR (0.57 kb), and the
packaging sequence (0.63 kb). The downstream fragment
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contains a small part, 0.5 kb, of the envelope gene and an
intact 3 LTR. This hybrid vector, termed AdLTR-luc, retained
the adenoviral characteristic of highly efficient infection, while
gaining the ability to mediate genomic integration at much
higher frequency than observed with a conventional first gen-
eration adenovirus type 5 vector (Zheng et al., 2000, 2003).
These features could make this vector useful for gene transfer
purposes. Indeed, we also have demonstrated that long-term
transgene (luciferase) expression in mammalian cells infected
with AdLTR-luc is derived from the integrated form of the
transgene (Zheng and Baum, 2002). However, the specific
mechanism by which AdLTR-luc accomplished genomic in-
tegration is not yet understood.
We have hypothesized that the MoMLV elements upstream
and downstream of the luciferase cDNA played important
cis-acting roles in this integration event (Zheng et al., 2000,
2003). The original purpose of the present study was to be an
initial test of this hypothesis. We constructed another recom-
binant adenoviral vector, AdELP-luc (Fig. 1), which only in-
cluded the 2.7-kb MoMLV sequence upstream of the lucif-
erase cDNA, without any MoMLV sequence downstream. Our
results support the notion that both upstream and downstream
MoMLV sequences are required for the transgene cassette
integration that we have reported earlier (Zheng et al., 2000,
2003; Zheng and Baum, 2002). Interestingly, however, we also
found that AdELP-luc was able to mediate genomic integration
in epithelial cells, albeit in an unusual manner involving most
of the adenoviral genome.
Results and discussion
AdELP-luc directs luciferase gene expression in vitro
The HSG, A5, and HSY cell lines, all derived from
salivary epithelial cells, were infected with AdELP-luc (Fig.
2). Infection of these same cell lines with a conventional
adenoviral vector, AdCMV-luc, containing the luciferase
transgene under the control of the strong CMV promoter,
yields a similar pattern of luciferase activity, albeit approx-
imately 10-fold higher values for expression (Zheng et al.,
2000). These experiments show that AdELP-luc is a func-
tional recombinant adenoviral vector.
Examination of AdELP-luc-infected cells for possible
presence of MoMLV reverse transcriptase and integrase
To determine if AdELP-luc infection resulted in the
presence of retroviral proteins in cell lines in vitro, two
Fig. 1. Diagram of the AdELP-luc genome. AdELP-luc is an E1 deleted type 5 adenovirus (38,471 bp in size), which contains 2726 bp of MoMLV sequence,
including part of the envelope gene (E; 1.5 kb), the 5 LTR (L; 0.57 kb), and the packaging sequence (P; 0.63 kb) in a 5 to 3 direction (from bp 454 to
3180) and 2691 bp of luciferase (luc), as a reporter gene, plus the SV40 polyadenylation sequence from bp 3181 to 5870 in the deleted E1 region. The E2
region in this vector is located between bp 6595 and 29,628; the E3 region is located between bp 30,401 and 33,531, and the E4 region is located between
bp 35,361 and 38,176. The locations of Southern hybridization probes 1, 2, 3, and 4 (see Table 1 and Figs. 6, 7, 8, and 10) are also indicated in this diagram.
Note that each map interval corresponds to 2423 bp.
Fig. 2. Luciferase expression in epithelial cells after AdELP-luc infection
in vitro. Three salivary epithelial cell lines, HSY, A5, and HSG, were
infected in vitro with AdELP-luc at 50 PFU/cell. Luciferase activity was
assayed 24 h after infection. Data shown are the mean  SD for results of
triplicate determinations.
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types of experiments were performed. Initially, a reverse
transcriptase assay was carried out following infection of
HSY and A5 cells with AdELP-luc. We anticipated that if
retroviral proteins were produced following cell line infec-
tions by AdELP-luc, reverse transcriptase assays would be
positive. As shown in Fig. 3, no reverse transcriptase activ-
ity was found in either cell line after AdELP-luc infection.
Reverse transcriptase activity, however, could be readily
detected in positive control samples. As a further, more
sensitive test for possible retroviral presence in the infected
cells, PCR assays for MoMLV integrase and reverse tran-
scriptase were performed on DNA extracted from AdELP-
luc-infected A5 cells (Fig. 4). Amplification of positive
control samples readily yielded the expected three PCR
products for both integrase and reverse transcriptase (Fig.
4). Conversely, in the negative control (water), and with
extracted DNA from A5 cells that had been infected with
AdELP-luc 3 days previously, none of the PCR products
could be detected. Similarly, DNA samples from the A5 cell
clones examined herein (see below) also tested negatively
with these PCR assays (not shown). Together these exper-
iments strongly suggest that AdELP-luc infection of cells
does not lead to any retroviral protein production that would
confound direct testing of our hypothesis. Additionally, a
search of the data base in GenBank indicated that there are
no MoMLV-like sequence elements present in the rat ge-
nome that might mediate a homologous recombination in
AdELP-luc-infected cells (C. Zheng, unpublished data).
PCR assay for possible vector integration
Based on our hypothesis, it was anticipated that AdELP-
luc would be incapable of mediating a genomic integration
event. Initially, following AdELP-luc infection, we cloned
cells and screened them for integration using a convenient
PCR assay that we previously developed (Zheng et al.,
2000). PCR primers were synthesized for three regions of
AdELP-luc (Fig. 5A). The amplicon PCR 1 was located in
envelope sequence of the included MoMLV elements. A
second amplicon, PCR 2, was located in the packaging
sequence of the MoMLV elements, while PCR 3 primers
were used to amplify a product from the luciferase cDNA.
Therefore, if the sequence of PCR 1 or PCR 2 was absent
from a sample, it would suggest the possibility that breakage
of the vector had occurred within the added MoMLV ele-
ments, i.e., potentially indicative of integration (Zheng et
al., 2000). Fig. 5B shows the results of positive and negative
control assays for these three PCR products. All three am-
plicons could not be amplified in the negative control (DNA
from noninfected A5 cells) samples, but could be amplified
in the positive control sample (DNA from A5 cells obtained
3 days after infection with AdELP-luc). For the experiments
shown in Fig. 5C, A5 cells were infected with AdELP-luc at
10 PFU/cell and placed into 96-well plates at approximately
0.5 cell/well to form single clones, which were then grown
individually. Ten cell clones that expressed luciferase ac-
tivity were selected for further study without any special
Fig. 4. PCR assays to evaluate AdELP-luc-infected A5 cells for the pres-
ence of the MoMLV integrase and reverse transcriptase genes. The PCR
primers used are described under Materials and methods. A5 cells were
infected with AdELP-luc at 50 PFU/cell and after 3 days DNA was
extracted. Three amplicons each were generated using the primers for
integrase and reverse transcriptase. A depicts the design of each of the three
PCR amplicons used for detection of the MoMLV integrase and reverse
transcriptase genes. B and C show results obtained with positive control
samples (DNA from Retro Pack PT67 cells), negative control samples
(water alone), and AdELP-infected A5 cells. The numbers 1, 2, and 3
correspond to the amplicon product being tested.
Fig. 3. Evaluation of AdELP-luc-infected cells for reverse transcriptase
activity. Reverse transcriptase activity was measured in culture superna-
tants from HSY and A5 cells 10 days postinfection with AdELP-luc, and
in positive control samples (MoMLV standard), as described under Mate-
rials and methods. SPA represents scintillation proximity assay results and
corresponds with reverse transcriptase activity. For each assay 100 l of
infected cell culture supernatant was used. Data shown are average values
of duplicate determinations from one of two comparable experiments.
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selection medium or further cloning. Of these 10 cell clones
(Fig. 5C), surprisingly we found that two had no detectable
PCR 1 amplicon (clones 5 and 2), suggesting possible dis-
ruption of the env sequence. All clones studied were posi-
tive for amplicons PCR 2 and PCR 3 (Fig. 5C). While the
absence of a PCR 1 product in this assay is suggestive of
possible genomic integration, it is possible that an integra-
tion event may still have occurred in clones that yielded a
PCR 1 amplicon. In this circumstance a positive PCR 1
amplicon would reflect a mixture of intact (extrachromo-
somal) and integrated vector in cells, i.e., the former could
be detected even in the presence of the latter (Zheng et al.,
2000).
Assessment of vector integration by Southern hybridization
Based on the above PCR results, we decided to more
rigorously examine DNA from A5 cell clones for possible
integration events, due to AdELP-luc infection, using
Southern hybridization. Experiments were carried out on
DNA samples obtained from four A5 cell clones, 2, 5, 7,
and 15, which exhibited the highest luciferase activity (Fig.
6), using four different probes (see Materials and methods).
Probe 1 (Fig. 1, Table 1) was a luciferase fragment obtained
from the 5 end of the luciferase cDNA. Probes 2–4 (Fig. 1,
Table 1) were designed to test if adenoviral sequences
located downstream of the luciferase cDNA were involved
in the integration event. Probe 2 was derived from the
adenoviral E2b region; Probe 3 was derived from the ad-
enoviral E2a region, and probe 4 was derived from the
adenoviral E4 region.
We first tested if in each clone the luciferase cDNA
remained intact. BamHI/NcoI digestion of AdELP-luc re-
sults in an 3.1-kb band that includes the entire luciferase
cDNA cassette (2726 base-pair (bp)) plus 336 bp of down-
stream adenoviral sequence (Fig. 6A; Table 1). As shown in
Fig. 6B, hybridization of probe 1 to BamHI/NcoI digests of
cellular DNA from all four clones indicates that the cloned
cells had the same 3.1-kb band present as the positive
control sample. Therefore, we conclude that all four cloned
cells contained an intact luciferase cDNA.
As noted, to determine if vector sequences were possibly
integrated, we performed a series of Southern analyses.
Each set of DNA samples from cloned cells was digested
with a specific restriction endonuclease, electrophoresed,
and transferred to nylon membranes. Each Southern blot,
representing a different enzyme digestion scheme, was typ-
ically hybridized four times (sequentially after stripping)
with probes 1, 2, 3, or 4. Thus, the genomic DNA samples
were digested either by NcoI (Fig. 6C; three experiments),
SpeI (Fig. 7; two experiments), or XhoI (Fig. 8; two exper-
iments). In Figs. 6–8, panel A shows the respective enzyme
target sites in AdELP-luc, along with the sequence position
of probes 1, 2, 3, and 4. The exact nucleotide locations of
these target sites and expected hybridization fragments are
listed in Table 1. If AdELP-luc remained as an intact virus
in these cell clones, we would expect that hybridization
would yield the same positive bands as visualized in the
positive control sample. Alternatively, if any disruptions in
vector sequence occurred, i.e., possible integration events,
we would expect different-sized bands to be present in some
DNA digests from the cell clones.
In Fig. 6C, probes 2 and 3 all show hybridization positive
bands of essentially the same size and pattern as seen with
the positive control, suggesting that the sequence regions
examined by probe 2 and 3 were intact. However, different
results were observed when probes 1 and 4 were used. With
probe 1, we expected to see a single hybridization positive
band of 5106 bp representing the region between the first
and second NcoI target sites in the positive control. How-
ever, the hybridization bands obtained with probe 1 using
DNA from all cell clones were consistently slightly smaller
than that expected, suggesting that the AdELP-luc DNA in
all four cell clones was not intact. Such a result could occur
Fig. 5. PCR assay to screen for the genomic integration of AdELP-luc. A
shows the design of PCR primers used to detect potential breakpoints from
MoMLV elements (amplicons PCR 1 and PCR 2) in AdELP-luc and to
show the presence of the luciferase cDNA (amplicon PCR 3). Target A5
cells were infected with AdELP-luc at 10 PFU/cell and the PCR assays
were performed as described under Materials and methods. B shows the
control assays performed. For these experiments the negative control was
genomic DNA from uninfected A5 cells and the positive control was A5
cell genomic DNA obtained 3 days postinfection with AdELP-luc. The
migration positions of standard DNA fragments are shown to the left and
right sides. C shows results obtained with 10 clones of A5 cells (numbered)
that were infected with AdELP-luc. Note that samples from two A5 clones
appeared to exhibit a disruption of the 5 LTR (i.e., clones 5 and 2; an
absence of the PCR 1 amplicon).
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if a break in sequence occurred downstream of the NcoI site
in the inserted MoMLV elements. This also indicated that
the break in MoMLV elements from all four cell clones was
localized to a narrow region. With probe 4, we expected to
detect three hybridization positive bands (6775, 2204, and
1604 bp) corresponding to the fragments generated by en-
Fig. 6. Southern hybridization following digestion of DNA from cell clones by either BamHI/NcoI or NcoI alone. To detect intact luciferase cDNA, DNA
samples were digested with BamHI/NcoI (B). To assess for possible genomic integration and breakpoints, DNA was digested with NcoI alone (C). DNA
samples were obtained from cloned A5 cells (2, 5, 7, 15) infected with AdELP-luc and grown in culture for 3 months, or from uninfected cells (B and C;
lane N). The positive control (P) DNA was obtained from uncloned A5 cells infected with AdELP-luc 3 days before harvesting DNA. Each lane represents
15 g of DNA applied and hybridized on the same blot sequentially, with probes 1, 2, 3, or 4, respectively (C), after stripping. A shows a diagram of the
BamHI (B) and NcoI (N) target sites, and the probe positions, in AdELP-luc. Southern hybridization results are shown in B and C. Note that in B DNA from
all cloned cells shows the same hybridized band as the positive control with probe 1. In C, use of probes 2 and 3 with hybridizations for all cloned cells showed
similar results; all experimental samples gave hybridization-positive bands migrating similarly to the positive control. However, the positive band from all
cloned cells seen after hybridization with probe 1 was consistently smaller than the positive sample band in C. Additionally, when NcoI-digested samples
were hybridized with probe 4, the second band seen with the positive control (2.5 kb) was absent from DNA samples with all cloned cells (arrow).
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zymatic cleavage of the last three NcoI sites in AdELP-luc.
This, indeed, was observed with the positive control. Con-
versely, in DNA samples from the cloned cells we could not
detect the second hybridization band (representing a se-
quence from 36,267 bp to the end of AdELP-luc). In two
samples (5 and 15) additional hybridization positive bands
were clearly seen (2.5, 4.0, and 8.1 kb, respectively),
suggesting the possibility of a sequence disruption between
36,267 bp and the 3 end of AdELP-luc sequence.
Next, DNA samples from cell clones were digested with
SpeI and analyzed by Southern hybridization (Fig. 7). There
are three SpeI sites in AdELP-luc; two in the included
MoMLV elements (at 1359 and 2419 bp) and one just
downstream of the probe 3 site at 29,618 bp (Fig. 7A, Table
1). One hybridization band (of 27,191 bp) was expected,
and found, when probes 1, 2, and 3 were hybridized to the
electrophoresed SpeI-digested positive control. One hybrid-
ization band in the positive control (8853 bp) was expected,
and found, when probe 4 was used. Probes 1 and 2 gave
generally similar hybridization results with the cloned cell
DNA samples, but distinctly different from the positive
control. In clones 2 and 7, two hybridization positive bands
were seen with each probe. This indicates a possible second
site of sequence disruption in AdELP-luc between probes 2
and 3 (Fig. 7B) because the smaller band was not observed
when probe 3 was used (see figure legend). With probe 3,
however, the DNA sample from clone 15 showed a distinct
small band, 9 kb, present. The origin of this band is not
clear, but may represent the result of an additional site of
sequence disruption between probes 2 and 3 in AdELP-luc.
All SpeI-digested cloned cell DNA samples showed differ-
ent hybridization positive bands with probe 4 than seen with
Table 1
Map positions of, and expected restriction endonuclease fragments from, AdELP-luca
A. Location of expression cassette, E2, E3, and E4
Expression cassetteb
[ELP  luc  SV40 polyA]
E2 E3 E4
454–5870 6595–29,628 30,401–33,531 35,361–38,176
B. Localization of four probes used in all Southern hybridizations with AdELP-luc
Probe 1
(540 bp)
Probe 2
(1785 bp)
Probe 3
(8010 bp)
Probe 4
(2937 bp)
3265–3805 6205–7990 20,984–28,994 34,529–37,466
C. Sites of restriction endonucleases in AdELP-luc and expected size of fragments hybridized with probes 1, 2, 3, and 4
Restriction
endonuclease
Sites Expected
fragments
probe 1c
(bp)
Expected
fragments
probe 2c
(bp)
Expected
fragments
probe 3c
(bp)
Expected
fragments
probe 4c
(bp)
BamHI 454; 3179 nad na na na
24,098
NcoI 1099; 6205 5106 1785 6775 6775
7990; 9230 1803 2204
10,900; 11,757 1715 1604
13,077; 15,269 1398
16,652; 21,038 780
22,753; 23,239 486
24,019; 24,103 420
24,267; 24,687 164
26,490; 27,888 86
34,663; 36,267
BamHI/NcoI 3062
SpeI 1359; 2419 27,191 27,191 27,191 8853
29,618
XhoI 8324; 10,790 8324 8324 14,502 6144
12,236; 12,830 4995
27,332; 32,327
a AdELP-luc is 38,471 bp in size.
b ELP refers to the MoMLV sequences included. luc is the luciferase cDNA.
c These indicate the size in bp of the DNA fragments expected on Southern hybridizations with probes 1–4, based on the location of the restriction
endonuclease sites in AdELP-luc. The bold font indicates the size of fragments that were actually observed in the positive control samples on Southern
hybridization.
d Not applicable for experiments conducted.
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the positive control. In samples from clones 5 and 15 there
was an additional band detected, likely representing a sec-
ond sequence disruption at the 3 end of AdELP-luc. Col-
lectively, we interpret these results to indicate the following.
First, all four studied clones display evidence for at least
two sites of disruption (possible integration) in the AdELP-
luc sequence, i.e., the presence of two hybridization positive
bands (Figs. 6 and 7). Second, there was a disruption in the
MoMLV elements that likely occurred between the second
SpeI site (2418 bp) and the 3 end of the included MoMLV
elements (at 3178 bp) in all clones, because we have shown
that the luciferase cDNA was intact in all clones (Fig. 6B).
Third, in all clones for one possible integration event, there
was likely no disruption in the sequence from the luciferase
cDNA through the third SpeI site downstream of probe 3.
Fourth, in all clones disruptions in the AdELP-luc sequence
likely occurred in the E4 region.
We next examined cloned cell DNA samples digested
with XhoI by Southern hybridization (Fig. 8). There are
six XhoI target sites in AdELP-luc (Table 1, Fig. 8A). A
single positive band (8324 bp) was expected and found
after hybridizations with probes 1 and 2 in the positive
control. Hybridization with probe 4 was expected to give
a single band (6144 bp) in the positive control. In gen-
eral, hybridization of XhoI-digested cloned cell DNA
samples with probes 1, 2, and 4 revealed different posi-
tive bands than seen with the positive control. Note that
the same hybridization pattern was seen with probes 1
and 2, a finding consistent with a disruption in narrow
region of the AdELP-luc sequence upstream of the probe
1 hybridization site. In clones 2 and 7, hybridization with
probes 1 and 2 yielded two positive bands. These results
are consistent with those following SpeI digestion (Fig.
7B) and indicate a possible second site of sequence
disruption in AdELP-luc downstream of probe 2. To
further localize this site with the XhoI-digested DNA
samples, we used an additional hybridization probe (Fig.
8). This probe, termed the XhoI probe, encompasses
14,502 bp between the XhoI digestion sites at 12,830 and
27,332 bp. As shown in Fig. 8B, this probe hybridizes to
the single expected fragment (14.5 kb) in the positive
control, and to a comparable band in XhoI-digested sam-
ples from all four clones. This finding indicates that the
second site of disruption in AdELP-luc must be within a
Fig. 7. Southern hybridization following SpeI digestion of DNA from A5 cell clones. DNA samples were from the same A5 cell clones as shown in Fig. 6.
DNA was digested with SpeI, electrophoresed, and hybridized sequentially on the same blot, after stripping, with probes 1, 2, 3, or 4. A shows a diagram
of the three SpeI target sites (at 1359, 2419, and 29,618 bp), and the probe positions in AdELP-luc. B shows the Southern hybridization results. For all four
probes, hybridization with the positive control (P) DNA sample, from uncloned A5 cells 3 days after infection, resulted in a single major band. For probes
1–3 these were, as expected, a large (27 kb) fragment corresponding to the sequence between the second and third SpeI target sites in AdELP-luc. DNA
from all cloned cells, however, exhibited hybridization patterns with these probes different from that of the positive bands. Probes 1–3 generally show the
same DNA band pattern, consistent with the presence of intact AdELP-luc sequences between the second and third SpeI sites. In addition, with samples from
clones 2 and 7 there also was a smaller second hybridization-positive band clearly seen when probes 1 and 2 were used. The faint smaller bands seen in the
probe 3 blot with DNA from clones 2 and 7 are comparable in size to the strong bands seen with probes 1 and 2 and are likely due to incomplete sequential
stripping of the blot. All cloned cell DNA samples showed different hybridization bands from the positive control when probe 4 was used.
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4840 bp region between the 3 end of probe 2 (at 7990
bp) and the 5 end of the XhoI probe (at 12,830 bp).
Subsequent probing of this blot with a 5001-bp NotI
fragment obtained from between the NotI digestion sites
at 9039 and 14,040 bp in AdELP-luc allowed us to
further narrow the location of the second disruption site
to 3791 bp between the NotI digestion site at 9039 bp and
the XhoI digestion site at 12,830 bp (data not shown).
Two positive hybridization bands were expected with
probe 3, 4995 and 14,502 bp in size. Conversely, all
cloned cell DNA hybridized with probe 3 gave a single
major positive band, similar to the major band seen with
the positive control (14 kb). The second expected band
at 5-kb band was very faint in the positive control and
barely detected in the cloned cell samples in two separate
experiments. The reason for this observation is not clear.
Nevertheless, these findings, along with those described
in Figs. 6 and 7, consistently indicate that much of the E2
and E3 adenoviral sequence was integrated into genomic
DNA of the cloned A5 cells, along with a portion of the
included MoMLV elements and the luciferase cDNA.
Visualization of vector integration using FISH
Fluorescence in situ hybridization (FISH) was used to
directly visualize the integration of AdELP-luc sequence
in A5 cell genomic DNA (Figs. 9A–C). Results displayed
in Fig. 9 show that positive FISH results were obtained
with all three probes used: MoMLV elements plus the
luciferase cDNA (probe A), adenoviral E2b (probe B),
and adenoviral E2a (probe C). Eight to 12% of mitotic
cells were hybridized with probe A (Fig. 9A); 26% of
mitotic cells were hybridized with probe B (Fig. 9B), and
6 – 8% of mitotic cells were hybridized when both probe
A and probe C were used (Fig. 9C). In particular, this
latter result strongly indicates that substantial AdELP-luc
sequence was integrated into the A5 cell genome. This is
consistent with the results from Southern hybridization.
The integration events appeared to be random (different
chromosomes) and occasionally more than one integra-
tion event was seen in a single mitotic nucleus (e.g., Fig.
9A). This latter finding is also consistent with the results
from Southern hybridization.
Fig. 8. Southern hybridization following XhoI digestion of DNA samples from A5 cell clones. DNA samples were from the same A5 cell clones as shown
in Fig. 6. DNA was digested with XhoI, electrophoresed, and hybridized sequentially on the same blot, after stripping, with probes 1, 2, 3, 4, or the XhoI
probe. A shows a diagram of the six XhoI target sites (see also Table 1) and probe positions in AdELP-luc. B shows the Southern hybridization results. Based
on the distribution of XhoI target sites, the positive control sample was expected to show hybridized bands of 8342 bp with probes 1 and 2, 14,502 bp with
the XhoI probe, 14,502 and 4995 bp with probe 3, and 6144 bp with probe 4. Note that results with probes 1 and 2 are comparable, suggesting there was
no sequence disruption between these two probes, but also consistent with a possible break upstream of the probe 1 site. The XhoI probe hybridized to a
similar 14.5-kb band in the positive control and in samples from all cloned cells. Probe 3 hybridized to the same bands in all cloned cells and the positive
control. The faint band (14 kb) seen in the probe 4 blot with DNA from the positive control is comparable in size to the strong band seen with probe 3
and is likely due to incomplete sequential stripping of the blot. Probe 4 hybridized to different sized bands for all cloned cell DNA samples, consistent with
there being a sequence disruption in E4 region.
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Fig. 9. Use of FISH with AdELP-luc-infected uncloned A5 cells to visualize integration. A, B, and C came from A5 cells 1 week after infection (10 PFU/cell)
with AdELP-luc. A shows two positive allelic spots on two different chromosomes by using FISH probe A, i.e., the 2.7-kb MoMLV elements plus luciferase.
B shows two positive allelic spots on a chromosome using FISH probe B (adenoviral E2b). C shows a two-probe hybridization result (two color detection),
with probe A (light blue color) and probe C (red color; adenoviral E2a) colocalized on the same chromosome. See Materials and methods for experimental
details.
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Stability of AdELP-luc integration
We followed one A5 cell clone, 13 (Fig. 5C), for up to 9
months of in vitro culture without any special selection
medium. This cell clone exhibited comparable luciferase
activity after 200 doubling times over a 9-month period
(Fig. 10A). Southern hybridization analyses were consistent
with an AdELP-luc integration event in this clone, including
the intact luciferase cDNA (Fig. 10B). There was essentially
no change in the hybridization band pattern over a 7-month
time interval. The results of Southern hybridization also
suggested that a sequence disruption occurred both in the
MoMLV elements between the second SpeI site (2419 bp)
and the 3 end of the included MoMLV elements (at 3178
bp) and in the E4 region. FISH analysis was also carried out
with this cell clone after 7 months in culture (Fig. 10C).
About 80% of the mitotic cells from this clone were positive
for integration by hybridization with probe A. Also, the
integration site for clone 13 was identical in all mitotic cells
examined, occurring at either rat chromosome 7 or 8 (we
could not distinguish which).
The experiments described here were begun to help un-
derstand the role of including specific MoMLV elements in
mediating the integration of a recently reported hybrid vec-
tor, AdLTR-luc (Zheng et al., 2000, 2003; Zheng and
Baum, 2002). AdLTR-luc includes 2.7 kb of MoMLV se-
quence upstream and 1.0 kb of MoMLV sequence down-
stream of the transgene luciferase. The AdELP-luc was
constructed with only the upstream 2.7-kb MoMLV ele-
ments because we hypothesized that both 5 LTR and 3
LTR MoMLV sequences were required for transgene cas-
sette integration. Indeed, by Southern hybridization analy-
ses we have observed a breakpoint in the downstream
MoMLV sequence consistent with the notion that the
genomically integrated AdLTR-luc sequences lie between
the upstream and downstream MoMLV elements (C. Zheng,
unpublished data). As shown herein, in the absence of
downstream MoMLV sequences, we did not observe such
an integration event with AdELP-luc (Zheng et al., 2000,
2003). However, surprisingly we found that the presence of
the upstream 2.7-kb MoMLV sequences alone allowed the
relatively stable, covalent integration of most of the
AdELP-luc sequence into the host cell genome. This finding
is markedly different from results previously reported by us
from FISH analyses after AdLTR-luc infection (Zheng et
al., 2000). The latter data provided no evidence for the
genomic integration of large segments of adenoviral se-
quence.
Several different types of experiments support our con-
clusion, including PCR assays, Southern hybridization anal-
yses, and FISH analyses. Although we have not specifically
quantified the frequency of the AdELP-luc-mediated inte-
gration event, the FISH analyses performed suggest it was a
reasonably common event (6–26% of mitotic nuclei in
uncloned cells). Previously, we have reported that the con-
ventional adenovirus, AdCMV-luc, analogous to AdELP-
luc but containing the CMV promoter/enhancer in place of
the included MoMLV sequences, showed no unequivocal
evidence for integration by PCR, Southern hybridization,
and FISH analyses (Zheng et al., 2000, 2003).
Many earlier experiments, using different DNA prepara-
tions, have demonstrated that a small portion of the type 5
adenoviral genome (left-most 5–8%) is sufficient to per-
mit a transformed cellular phenotype (e.g., Graham et al.,
1974; Houweling et al., 1980; van der Eb and Houweling,
1977; van der Eb et al., 1977). Interestingly, while trans-
formed cell lines consistently included the left end of the
type 5 adenoviral DNA, the size of the total integrated DNA
fragment varied. In some cell lines the entire adenoviral
genome integrated collinearly (Ruben et al., 1982; Van
Doren et al., 1984), while in others type 5 adenoviral DNA
left and right ends were joined (Visser et al., 1981, 1982).
Romani et al. (1990), in studies using a type 5 adenovirus/
SV40 hybrid, suggested that viral DNA integration events
took place at sites of chromosomal fragility, and Van Doren
et al. (1984) demonstrated that inclusion of the E1 region
was not obligatory for integration of type 5 adenoviral
DNA. Overall, these studies indicate that different fragment
sizes of E1-deficient, type 5 adenoviral DNA are able to
integrate into mammalian genomic DNA.
Previously, it has also been shown that infection of both
replication-permissive and nonpermissive cell lines using
type 5 recombinant, E1-deleted adenoviral vectors can lead
to integration into the host cell genome (Van Doren et al.,
1984; Harui et al., 1999). The mechanism by which recom-
binant adenoviral vector DNA integration occurs is unre-
solved (Doerfler, 1996). However, a defining feature of this
event has been its extremely low frequency, 103 to 105
per cell (Van Doren et al., 1984; Harui et al., 1999). We also
have reported little evidence of genomic integration with a
conventional recombinant type 5 adenoviral vector (Zheng
et al., 2003). Conversely, our previous studies with the
hybrid AdLTR-luc vector directly show that it leads to
integration of the transgene cassette with a frequency of
5–10% (Zheng et al., 2000, 2003).
The present studies, unlike those with AdLTR-luc, in-
Fig. 10. Evidence for AdELP-luc integration after long-term in vitro culture. A5 cell clone 13 (Fig. 5C) was followed by luciferase expression, Southern
hybridization, and FISH assays for up to 9 months. A shows that luciferase activity was similar in cells grown for 1 and 9 months. B shows results from
Southern hybridization analyses. Genomic DNA samples obtained from clone 13 at two time points after infection, 1 and 7 months, were used in these
experiments. The samples were digested with either BamHI/NcoI or SpeI. After BamHI/NcoI digestion and electrophoresis, the blot was hybridized to probe
1. After SpeI digestion and electrophoresis, the blot was hybridized sequentially, after stripping, with probes 1, 2, 3, or 4. The results are consistent with
AdELP-luc-mediated stable integration into genomic DNA in this clone. C shows the results of FISH analysis with mitotic cells from clone 13 7 months
postinfection with AdELP-luc (10 PFU/cell). The arrow shows two positive allelic spots on a chromosome using FISH probe A.
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volve a highly atypical integration of both the encoded trans-
gene and a relatively large piece of adenoviral DNA, which
occurs with significant frequency (minimal FISH results of
6%). Using Southern analyses with cloned A5 cells, we were
able to generally define the breakpoint regions in AdELP-luc.
Breaks in the 5 end of AdELP-luc occurred in the MoMLV
elements downstream of the first NcoI site, or following the
SpeI site located at 2419 bp, and the 3 end of the MoMLV
elements (at 3178 bp) in all studied A5 cell clones. A second
break in sequence occurred in the E4 adenoviral sequence
region between 36,267 bp and the 3 end of the virus. Addi-
tionally, the results presented in Figs. 7 and 8 support a pos-
sibility for second integration events occurring in clones 2, 5,
7, and 15. The FISH results shown in Fig. 9A are consistent
with this possibility.
In summary, we have described evidence for a novel
adenoviral integration event apparently related to the inclu-
sion MoMLV elements upstream of the transgene cassette.
Whether this phenomenon stems from as yet undefined
cis-acting activity of the included MoMLV elements alone,
or from an interaction between the MoMLV elements and
certain adenoviral sequences, and/or host cell proteins, re-
quires further study.
Materials and methods
AdELP-luc vector
The AdELP-luc vector is based on the adenovirus type 5
genome. E1 deletion was achieved by recombination of the
pAC shuttle plasmid (a generous gift of Dr. C. Newgard)
with pJM17 (Microbix Biosystems Inc., Toronto, Ontario,
Canada) (Becker et al., 1994). MoMLV elements (2726 bp),
which include (in a 5 to 3 direction) part of the envelope
gene (1.5 kb), the 5 LTR (0.57 kb), and the packaging
sequence (0.63 kb), were removed by EcoRI digestion from
the plasmid pXT1 (Stratagene, La Jolla, CA) (Boulter and
Wagner, 1987). BamHI linkers were added to both ends of
this fragment, and the fragment was ligated into pAC (the
MoMLV sequences were placed in the deleted E1 adenovi-
ral region). This construct does not contain any gag or pol
sequences from MoMLV. The luciferase (luc) cDNA plus
SV40 polyadenylation fragment (2691 bp) was removed
from the plasmid pGL2-Basic (Promega, Madison, WI) and
ligated downstream of the above 2726 bp of MoMLV se-
quence. The luciferase gene in this construct is driven by the
5 LTR promoter. This plasmid was termed pACELP-luc.
The recombinant adenovirus, AdELP-luc (Fig. 1), was gen-
erated by homologous recombination of pACELP-luc with
pJM17 in 293 cells (Becker et al., 1994).
Cell culture
The HSY cell line was obtained from a human parotid
adenocarcinoma (Yanagawa et al., 1986) and was grown in
a mixture of 50% Dulbecco’s MEM and 50% Ham’s F12
media. The ductal epithelial A5 cell line was derived from
rat submandibular gland (Brown et al., 1989) and grown in
McCoy’s 5A medium. We have previously shown that the
conventional type 5 adenoviral vector AdCMV-luc cannot
replicate in A5 cells (Zheng and Baum, 2002). The HSG
cell line was obtained from an irradiated human subman-
dibular gland (Shirasuna et al., 1981) and was grown in
DMEM/F12 medium, as above. A5 cell clones used for
PCR, Southern, and FISH analyses were obtained by a
single limiting dilution. One of the A5 cell clones (13) was
subsequently cultured in vitro without any special selection
medium for 9 months. The doubling time for A5 cells is
18–24 h (Zheng and Baum, 2002). Therefore, A5 clone
13 experienced more than 200 cell divisions over the
9-month period.
Enzymatic assays
HSY, HSG, and A5 cells were infected with AdELP-luc
(50 PFU/cell). For luciferase assays, cells were lysed in cell
lysis buffer (Promega) for 15 min. Fifty microliters of this
cell lysate was added to 100 l of luciferase substrate, and
light output was measured with a luminometer. Results
presented are expressed as relative light units (RLU) per cell
number. For reverse transcriptase assays, culture superna-
tants (100 l) from infected cells were harvested on day 10.
As a positive control, MoMLV reverse transcriptase was
obtained (GIBCO-BRL Life Technologies, Rockville, MD).
Samples were tested according to the manufacturer’s direc-
tions using the Quant-T-RT assay system (Amersham Life
Science, Buckinghamshire, UK). Data are reported as scin-
tillation proximity assay activity.
PCR assays
The genomic DNA used in the PCR assays was extracted
with either a Wizard Genomic DNA Purification Kit (Pro-
mega) or a Non-Organic DNA Extraction kit (Intergen,
Purchase, NY). PCR assays used the same general proce-
dures as reported by us previously (Zheng et al., 2000).
Briefly, 200–1000 ng of template DNA were used in each
PCR reaction. To determine if the MoMLV, the integrase,
and reverse transcriptase genes were present in AdELP-luc-
infected cells, we used the following PCR assays (Fig. 4).
We employed four primers to amplify integrase fragments
[IN.F (5-GGGGGGATCCAATCATCACCCTAGACTT-
GTGCACAAGCTTTGCAGGTCTCAGTG-3) (Dotan et
al., 1995), INf15 (5-CAAGTCAACGCCAGCAAGTCTG-
3), IN.B (5-GACTTGTGCACAAGCTTTGCAGGTCT-
CAGTG-3) (Dotan et al., 1995), and INb44 (5-CATGT-
CAGGGTCAGGGAAGTTTAC-3)]. Additionally, four
primers were used to amplify reverse transcriptase frag-
ments [RTf11 (5-TGGAGAGATCCAGAGATGGGAA-
TC-3), RTf15(5-CACCCTGTTTGATGAGGCACTG-3),
RTb35(5-GGGCAGTTAGAAGAGCTTGCTTG-3) and
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RTb47(5-CCAAGGTCCCAGTTTTTGCG-3)]. IN.F and
INb44 produced a 857 bp product (IN 1) (Fig. 4). INf15 and
INb44 produced a 554-bp product (IN 2) (Fig. 4). The
amplicon IN 3 (303 bp) was obtained by IN.F and IN.B
(Fig. 4). RTf11 and RTb47 produced a 650-bp product (RT
1) (Fig. 3). RTf15 and RTb47 produced a 576-bp product
(RT 2) (Fig. 4). The amplicon RT 3 was obtained by RTf11
and RTb35 (Fig. 4). For these experiments, the positive
DNA sample used was genomic DNA extracted from Ret-
roPack PT67 cells (Clontech Laboratories, Palo Alto, CA),
which is an amphotropic packaging cell line for MoMLV
based vectors.
Three PCR assays, shown in Fig. 5, amplify fragments
from the MoMLV elements and luciferase cDNA of Ad-
ELP-luc. The same amount of template DNA was added to
all three PCR assays. The primers 5LTRS2 (5-TCTCCA-
CCACCATACTGAACC-3) and 5LTRA1 (5-TCAA-
AACTAGAGCCTGGACC-3) produced PCR 1 (662 bp).
PCR 2 (262 bp) was amplified by 5LTRS4 (5-TGTGGT-
TCTGGTAGGAGACG-3) and 5LTRA3 (5-CCAACG-
TCTCTTCTTGACAT-3). PCR 3 (227 bp) is a luciferase
product and is amplified by lucS2 (5-AGGCGAATTAT-
GTGTCAGAGG-3) and lucA2 (5-TTGGGGTGTTGTA-
ACAATA-3). For these three PCR assays, the negative
control was genomic DNA from noninfected A5 cells. The
positive control was genomic DNA from A5 cells infected
3 days before extracting DNA. If the initial PCR results
showed that the PCR1 product was missing, the assays were
repeated by increasing the amount of template DNA and
reamplifying at least twice. The thermal cycler used for all
PCR reactions was a DNA Thermal Cycler 480 from Per-
kin–Elmer Cetus (Foster City, CA).
Southern hybridization
The genomic DNA used in the Southern hybridization
analyses was extracted with a Non-Organic DNA Extraction
kit (Intergen). Fifteen micrograms of genomic DNA from
each sample was digested with different restriction enzymes
(see Results) and separated on a 1% agarose gel. Nucleic
acids were then transferred to nylon membranes. The blots
were separately hybridized with an [-32P]dCTP-radiola-
beled luciferase probe (probe 1; a 464-bp EcoRI/XbaI frag-
ment from the 5 end of the luciferase cDNA), an E2b probe
(probe 2; a 1.8-kb fragment from the E2 region of AdELP-
luc between NcoI sites 6205 and 7990), an E2a probe (probe
3; a 8-kb fragment from the E2a region of AdELP-luc
between HindIII sites 20,984 and 28,994), and an E4 probe
(probe 4; a 2.9-kb fragment from the E4 region of AdELP-
luc between HindIII sites 34,529 and 37,466), and autora-
diographed. In addition, DNA samples digested with XhoI
were also hybridized with the entire DNA fragment found
between XhoI digestion sites from 12,830 to 27,332 bp
(termed XhoI probe).
FISH detection
A5 cells infected with AdELP-luc (10 PFU/cell) were
cultured for 1 week and not cloned. Also, for these exper-
iments, an A5 cell clone (13, Fig. 5), previously infected
with AdELP-luc, was cultured for 7 months in vitro as
described above. FISH analyses of both the uncloned, in-
fected A5 cells, and clone 13, were carried out by See DNA
Biotech. (Toronto, Canada). FISH probe A was a 5.4-kb
fragment, which contained the included MoMLV elements
(2726 bp) and the luciferase cDNA sequences (2691 bp).
This probe was biotinylated with dATP using the BRL
BioNick labeling kit. FISH probe B was the pAC plasmid
(above), which includes 2.7 kb of sequence from the Ad-
ELP-luc E2B region from bp 5884 to 8656. The third FISH
probe (probe C) used was an 8-kb fragment located between
HindIII sites 20,984 and 28,994 containing the E2a se-
quence of AdELP-luc and was also used for Southern hy-
bridizations (above). In the two-probe hybridization analy-
sis shown (Fig. 9), the second probe (probe C) was
digoxigenin-labeled with dATP, also using the BRL
BioNick labeling kit. As a further control for the labeling
conditions in two probe analyses, the labels were also re-
versed. The general procedure for FISH detection was per-
formed according to published methods (Heng et al., 1992).
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